Chemotherapy-induced toxicity is often a deterrent to cancer therapy, limiting treatment duration and dose escalation. Cyclophosphamide (CTX) is an alkylating agent used for treatment of haematological and solid tumours. It is a noncytotoxic prodrug with a complex metabolism that requires microsomal liver enzymes, cytochrome *P*450 (CYP), for conversion to its active metabolite, 4-hydroxy-cyclophosphamide ([@bib18]). Efficacy is limited by its haemorrhagic cystitis ([@bib25]; [@bib31]). Severe haemorrhagic cystitis can result in bladder perforation, peritonitis, and death. Currently, sodium-2-mercaptoethanesulphonate (MESNA) and hyperhydration are being used to protect against CTX-induced haemorrhagic cystitis with limited success ([@bib34]). Alopecia is another dose-limiting toxicity induced by CTX.

Cisplatin (*cis*-diamminedichloroplatinum (CDDP)) is a heavy metal complex used in the treatment of a variety of malignancies. The antitumour activity of CDDP is associated with the DNA synthesis via formation of intrastrand and interstrand DNA crosslinks. The known toxicities of CDDP are nephrotoxicity, myelotoxicity, neurotoxicity, ototoxicity, and gastrointestinal toxicity. Nephrotoxicity is the major dose-limiting toxicity. The primary route of excretion of CDDP is through the kidneys, and it accumulates in the renal cortex, resulting in renal insufficiency, hypokalaemia, and hypomagnesaemia.

Abnormal conditions like inadequate renal function, uncompensated cardiac conditions, or generalised oedema may contraindicate the hydration regimen used to mitigate bladder and kidney toxicities of CTX and CDDP, requiring other approaches. The antioxidant compounds such as curcumin and selenium have been known to have a protective effect against kidney toxicity induced by CDDP ([@bib7]; [@bib33]; [@bib26]; [@bib5], [@bib4]; [@bib18]). Amifostine was approved by the US Food and Drug administration for reducing the cumulative renal toxicity associated with repeated CDDP treatment.

Oxaliplatin (ELOXATIN) is an active anticancer drug approved by the US FDA for the treatment of advanced colorectal cancer ([@bib27]). Oxaliplatin is an alkylating agent that forms intrastrand links between two adjacent quinine residues or a guanine and adenine, hence disrupting DNA replication and transcription ([@bib10]). It is the only platinum compound active against colorectal cancer ([@bib14]). Oxaliplatin has been mainly used in combination with other chemotherapeutic drugs, including irinotecan ([@bib36]) and 5-FU/LV ([@bib1]), with significantly higher activity. The dose-limiting toxicity of oxaliplatin in the clinic includes neuropathy, myelotoxycity diarrhoea, and mucositis ([@bib37]; [@bib14]). Several approaches that have been utilised clinically to manage toxicities include dose reduction, schedule alternation, and delay of therapy. As it was not feasible to quantitate neurotoxicity in rats treated with oxaliplatin, and as diarrhoea and stomatitis are the common clinical toxicities, the effects of Se-methylselenocysteine (MSC) on these toxicities were assessed in the rat model.

Irinotecan (CPT-11) is a topoisomerase I poison active in a variety of solid tumour malignancies, used in combination for the treatment of patients with advanced colorectal cancer. Irinotecan is enzymatically converted by caboxylesterase (CES) 1 and 2 to 7-Ethyl-10 hydroxy camptothecin (SN-38), the therapeutically active metabolite. Conversion by UDP-glucuronosyl transferase 1A1 (UGT1A1) results in SN-38 glucuronide (SN-38G) that gets excreted in bile and intestines. Delayed-onset diarrhoea is a dose-limiting toxicity for irinotecan ([@bib10]). Despite use of high-dose loperamide to prevent CPT-11-induced diarrhoea, the efficacy is limited ([@bib10]). Neutropenia is another major adverse event for irinotecan treatment with transient neutropenia occurred in 80% of patients, and severe neutropenia and febrile neutropenia in 47% and 15%, respectively ([@bib10]). As the data in Figures 5 and 6 demonstrates, the antitumour activity of irinotecan is host, selenium and tumour-type dependent, and this drug is used clinically in head and neck cancer with myelosuppression and diarrhoea as the dose-limiting toxicities. The effects of MSC on irinotecan toxicity profile and antitumour activity were assessed in this study.

Selenium, an essential trace element and antioxidant, is known to be used in the prevention of various cancers ([@bib21], [@bib22]; [@bib38]; [@bib12]; [@bib2]). Specific types of selenium, such as MSC, potentiated the therapeutic efficacy of a variety of chemotherapeutic agents against various human tumour xenografts ([@bib15]). The present study was undertaken to evaluate further the effects of MSC on the toxicity and antitumour activity of several chemotherapeutic agents with documented clinical efficacy and dose-limiting toxicities. An agent, such as MSC, that can protect normal tissues from drug-induced toxicities and enhance the antitumour activity offers the possibility to alter the therapeutic index of anticancer drugs. Protection against toxicities induced by chemotherapy offer the potential for the use of higher doses of chemotherapy with the hope of overcoming drug resistance.

Materials and methods
=====================

Animals
-------

Eight to 12-week-old female Fischer 344/N rats (body weight 150--180 g) and female athymic nude mice (nu/nu, body weight 20--25 g) were obtained from Harlan Sprague Dawley Inc. (Indianapolis, IN, USA) and kept four rats or five mice per cage with water and food *ad libitum* according to an institutionally approved animal protocol. There were 4 rats per group for a single experiment in a total of 12--24 rats in each group from 3 to 6 independent experiments, whereas 5 mice were used in each experimental group in a total of 10 mice in each group from 2 independent experiments. All studies were performed in accordance with the protocols approved by the Institutional Animal Care and Use Committee.

Tumours
-------

\(1\) Ward colorectal carcinoma: the chemically induced tumour in Fischer rats was extensively used in this laboratory ([@bib16]). Nonnecrotic tumour pieces (∼100 mg) were transplanted subcutaneously (s.c.) to the flanks of rats via trocar under slight anaesthesia. Treatment was initiated 14 days later when the tumours reached ∼2500--3000 mg. (2) FaDu and A253 human head and neck squamous cell carcinomas (HNSCCs): the HNSCC xenografts were initially established in nude mice from cultured cells by inoculating s.c. 10^6^ cells in the flank of the mice. The xenografts were subsequently passed several generations by transplantation of ∼50 mg nonnecrotic tumour tissues in the flank of mice before treatment ([@bib17]). Treatment was initiated 7 days later when the tumours reached ∼200--220 mg.

Drugs
-----

Se-methylselenocysteine was purchased from Sigma (St Louis, MO, USA) and dissolved in sterile saline (0.9% NaCl) at a concentration of 1 mg ml^−1^. Cyclophosphamide and CDDP (Bristol-Myers Squibb Co., Princeton, NJ, USA) were used as a ready-to-use clinical formulation solution in 50--100 ml vials that contained 1000 mg of CTX (20 mg ml) and 100 mg of CDDP (1 mg ml^−1^), respectively. Oxaliplatin (ELOXATIN) was purchased from Sanofi-Synthelabo (New York, NY, USA) as a solution of 5 mg ml^−1^ in 10 ml vials. Irinotecan was purchased from Pfizer Inc. (New York, NY, USA) as a ready-to-use clinical formulation solution in 5 ml vials containing 100 mg of the drug (20 mg ml^−1^).

Drug doses and schedules
------------------------

Se-methylselenocysteine was administered by the oral route (p.o.) daily at various doses (from 0.25 to 1.25 mg per rat per day) daily for up to 35 days for the rats and at a fixed dose (0.2 mg per mouse per day) daily for 14 days for the mice. Cyclophosphamide (from 50 to 200 mg kg^−1^), CDDP (from 3 to 12 mg kg^−1^), and oxaliplatin (from 5 to 25 mg kg^−1^) were administered by a single i.v. injection via the animals\' tail vein, whereas irinotecan (100--200 mg kg^−1^ per week) was administered by i.v. weekly × 4 (once a week for 4 weeks). For the combination of MSC and CTX, CDDP, or oxaliplatin, MSC was orally administered daily for 14 days (for rats) or 7 days (for mice) before chemotherapy and for 7 days thereafter. For the combination of MSC and irinotecan, MSC was given orally for 35 days in total. The schedule used for MSC was based on our early studies ([@bib15]) in mice, wherein the optimal effect of antitumour efficacy and toxicity protection occurred only when MSC was given at least 7 days before and concurrent with administration of chemotherapeutic agent.

Maximum tolerated dose (MTD) and toxicity assessment
----------------------------------------------------

The MTD was defined as the maximum dose administered to the animals that results in no drug-related lethality and body weight loss of \<20%. Animals were monitored daily for drug-induced toxicity (body weight loss, diarrhoea, stomatitis, and lethality) for a minimum of 2 weeks, and 3--4 times a week thereafter. Each treatment group had 12--24 rats (3--6 experiments) and at least 10 mice (2 experiments) in total.

Alopecia evaluation
-------------------

Studies were carried out by observing hair regrowth after shaving of rats. Briefly, areas on the back of rats (measuring∼7 × 9 cm) were shaved and the animals were randomised into different groups of untreated control, CTX alone, and CTX plus MSC. Cyclophosphamide was administered at the MTD (100 mg kg^−1^, i.v. × 1) and MSC was given 0.75 mg per rat per day p.o. daily for 21 days, with the first dose having started 14 days before CTX treatment. Animals were evaluated on days 0, 30, and 45 after CTX and followed up for 90 days. Complete hair regrowth after shaving occurred within 30--45 days in control animals. Four rats were used in each experimental group and treatments were repeated three times.

Genitourinary (GU) toxicity evaluation
--------------------------------------

As the acute toxicity of GU occurs within few hours of drug administration, rat bladders were removed at 4 h and 24 h post CTX. The toxicity effects of CDDP on the kidneys become evident at a later time point; hence, kidneys were removed on day 6 after CDDP administration. Blood samples were also collected post mortem by cardiac puncture from the same rats. Sera obtained from the blood samples were used for blood urea nitrogen (BUN) and serum creatinine determination using commercial kits (Ortho-Clinical Diagnostics, Rochester, NY, USA) according to the manufacturer\'s instructions. Kidney and bladder specimens (nine rats for each group) were fixed in 10% neutral buffered formalin, embedded in paraffin, and 5 *μ*m sections were stained with conventional haematoxylin--eosin for histopathological study. The BUN levels were measured using urease method with commercially available Vitros BUN/UREA slides on an Ortho-Clinical Diagnostics -- Vitros 500 chemistry analyzer (Ortho-Clinical Diagnostics). Creatinine was assayed using the creatinineamidohydrolase method and Vitros CREA slides (Ortho-Clinical Diagnostics) on an Ortho-Clinical Diagnostics -- Vitros 500 chemistry analyzer ([@bib35]). The examined groups included untreated control, MSC (0.75 mg per rat per day), CTX (100 or 150 mg kg^−1^, i.v. × 1) or CDDP (6 mg kg^−1^, i.v. × 1) alone, and CTX (100 or 150 mg kg^−1^, i.v. × 1) or CDDP (6 mg kg^−1^, i.v. × 1) plus MSC(0.75 mg per rat per day). For the combination group of CTX or CDDP and MSC, MSC was given 14 days before CTX or CDDP treatment and continuous daily until the rats were killed Nine rats were evaluated in each group from two independent experiments (three rats for the first experiment and six rats for the second experiment).

Tumour measurement and antitumour activity evaluation
-----------------------------------------------------

The animals were randomly divided into different groups of 4 rats or 5 mice each and initiated treatment with CTX or CDDP when the tumours reached ∼2500--3000 mg (mm^3^) in the rats (14 days after tumour transplantation) and 200--250 mg in the mice (7 days after tumour transplantation), whereas MSC was initiated 14 days for the rats and 7 days for the mice before CTX, CDDP, oxaliplatin, or irinotecan treatment at the same day of tumour transplantation and 7 days after treatment. Two axes of the tumour (L, longest axis; W, shortest axis) were measured with a Vernier caliper. Tumour weight (mg) or volume (mm^3^) was calculated as: ½(L × W^2^) (mm). Measurements were taken once a day during the treatment and 2 to 3 times a week thereafter. Tumour response was expressed as a partial response (PR) when tumour weight was temporarily reduced by at least 50% compared with initial tumour size, and as a complete response (CR) when tumour was undetectable by palpation at the site of transplant. Cure was defined as animal surviving with no tumour at the end of the 60-day period, at which time the animals were humanely killed.

Histopathological studies
-------------------------

Routine haematoxylin and eosin staining was used on formalin-fixed, paraffin-embedded tissues. Histopathological changes of tissues after the treatment of CTX or CDDP alone or in combination with MSC were analysed (by Károly Tóth, a board-certified pathologist) and compared with untreated controls (nine rats for each group) to determine drug-induced toxicity and protective effect of MSC.

Statistical analysis
--------------------

The differences between the mean values in the different treatment groups were analysed for significance using one-way analysis of variances (ANOVA) with Tukey--Kramer multiple comparison tests. A *P-*value of \<0.05 was considered to be statistically significant.

Results
=======

MSC protects against toxicities induced by chemotherapeutic agents in Fischer rats
----------------------------------------------------------------------------------

Although the MTD of MSC with tested schedules in normal and tumour-bearing rats was 0.75 mg per rat per day (administered for up to 42 days), a single dose of 1.5 mg per rat was highly toxic. Thus, the dose of 0.75 mg per rat per dose of MSC was used for evaluating the protective effects on toxicities induced by various chemotherapeutic agents. The data demonstrated that except for CTX, MSC offered complete protection from the toxicities induced by lethal doses of CDDP, oxaliplatin, and irinotecan, results consistent with our previous findings with nude mice ([@bib15]). The optimal protection from chemotherapy-induced toxicity was achieved only when MSC treatment preceded drug treatment. The protective effects of MSC on diarrhoea, stomatitis (mouth ulceration), and lethality induced by chemotherapy are summarised in [Table 1](#tbl1){ref-type="table"}.

The incidences of sustained diarrhoea and stomatitis were used as indicators of GI toxicity induced by chemotherapeutic agents. Although no significant toxicities were observed at the MTD of CTX (100 mg  kg^−1^), 50%, 38%, and 62% of animals developed severe diarrhoea, stomatitis, and lethality at the toxic dose of 150 mg kg^−1^. Se-methylselenocysteine completely prevented the development of both diarrhoea and stomatitis (0%) and reduced the lethality from 62% to 25% induced by CTX. At the MTD of CDDP (6 mg kg^−1^), 50% of animals developed diarrhoea with no lethality. In contrast, MSC completely protected animals from diarrhoea at 6 mg kg^−1^ of CDDP. Similarly, although rats treated with CDDP at 9 mg kg^−1^ induced severe diarrhoea (100%) and stomatitis (75%) and resulted in 100% lethality, MSC pretreatment resulted in complete protection against diarrhoea, stomatitis, and lethality. Similar protection was achieved from the toxicities induced by oxaliplatin and irinotecan.

MSC protects against CTX-induced bladder toxicity
-------------------------------------------------

Lethality was evident within 6--8 days with toxic doses of CTX, whereas rats that recovered from the acute toxicity did not show any evidence of delayed toxicity. As no significant toxicity was observed with the MTD of CTX (100 mg kg^−1^) alone and in combination with MSC, the dose of CTX of 150 mg kg^−1^ was used to document the protective effect of MSC. Four groups (nine rats for each group) consisting of untreated control, MSC alone, CTX alone, and MSC plus CTX were evaluated. Acute bladder toxicity was evident histopathologically with the CTX alone. The representative morphologic pictures of bladder are illustrated in [Figure 1](#fig1){ref-type="fig"}. [Figure 1A](#fig1){ref-type="fig"} shows the characteristic preserved normal histological features of a rat bladder in control (untreated group), with no significant histological change observed when MSC was used alone ([Figure 1B](#fig1){ref-type="fig"}). [Figure 1C](#fig1){ref-type="fig"} shows the presence of acute mucosal oedema in the bladder mucosa at 4 h post CTX administration that progressed by 24 h to severe haemorrhagic cystitis (arrows, [Figure 1D](#fig1){ref-type="fig"}), involving destruction of the bladder mucosa. Se-methylselenocysteine significantly protected from bladder toxicity induced by CTX with only a minor oedema and with the epithelium preserved at 2 h post CTX administration ([Figure 1E](#fig1){ref-type="fig"}) and prevented the progress to haemorrhagic cystitis at 24 h ([Figure 1F](#fig1){ref-type="fig"}) as seen in CTX alone ([Figure 1D](#fig1){ref-type="fig"}). The complete lack of haemorrhage in the group of MSC plus CTX documents the protective effects of MSC from CTX-induced bladder toxicity.

MSC protects rats from CDDP-induced renal toxicity
--------------------------------------------------

Nephrotoxicity is the dose-limiting toxicity of CDDP in the clinic. The data in [Figure 2](#fig2){ref-type="fig"} (upper) summarise the effect of MSC on the renal function as measured by blood BUN and creatinine. Treatment of CDDP at the MTD (6 mg kg^−1^, i.v. × 1) caused a significant increase in BUN and creatinine levels compared with controls (*P*\<0.001). In contrast, the combination of MSC and CDDP prevented the increases with similar levels of BUN and creatinine compared with the control group (*P*\>0.05). These data demonstrate that MSC can effectively protect against CDDP-induced kidney toxicity. Histopathological examination of the kidneys of rats (nine rats for each group) from the groups of untreated control, MSC alone, CDDP alone, and CDDP in combination with MSC was carried out and the representative results are shown in [Figure 2](#fig2){ref-type="fig"} (bottom). [Figure 2A and B](#fig2){ref-type="fig"} shows the normal morphology of kidneys of rats from untreated controls and treated with MSC, respectively. [Figure 2C and D](#fig2){ref-type="fig"} shows the kidneys of rats treated with CDDP alone and in combination with MSC respectively. The picture in [Figure 2C](#fig2){ref-type="fig"} shows dilated tubules because of destruction of the kidney\'s tubular epithelium by CDDP, whereas the data in [Figure 2D](#fig2){ref-type="fig"} show near-normal kidney histology because of the protective effect of MSC. In the group of 9 rats treated with the combination of CDDP and MSC, 8 animals (89%) showed 3--5% of total tubules that were slightly dilated and lined with flat, instead of cubic, epithelium. Only 1 of 9 animals (11%) showed near-normal histological features in the group treated with CDDP alone (*P*\<0.001).

MSC protects rats from CTX-induced alopecia
-------------------------------------------

[Figure 3](#fig3){ref-type="fig"} depicts the effect of CTX alone and in combination with MSC on alopecia in rats on days 0 (upper panels), 30 (middle panels), and 45 (bottom panels). Cyclophosphamide was given at the MTD (100 mg kg^−1^, i.v. × 1), and MSC (0.75 mg per rat per day, p.o.) was administered daily for 21 days, with the first dose having started 14 days before CTX (100 mg kg^−1^) for the combination. Treatment with MSC alone did not induce alopecia in this model system. The first column demonstrates the recovery of body hair in untreated control over 30--45 days after shaving. Column 2 shows a slow and partial recovery of body hair after shaving in rats treated with CTX alone, whereas column 3 shows the body hair recovery comparable to the untreated controls in rats treated with the combination of MSC and CTX. The result demonstrates the effectiveness of MSC in protecting and promoting hair growth after CTX treatment. Twelve rats from three different experiments were evaluated for each group and similar results were observed, although only two representative pictures are shown for each group.

MSC is highly effective in the protection of bone marrow toxicity induced by oxaliplatin
----------------------------------------------------------------------------------------

[Figure 4](#fig4){ref-type="fig"} (upper) shows that a single dose of oxaliplatin (20 mg kg^−1^ i.v.) higher than the MTD induced very severe myelotoxicity, to basically 'wipe out\' the bone marrow (∼98% myelosuppression) on day 8 after the treatment. The same treatment combined with MSC resulted in the modest protection with ∼80% myelosuppression. Administration of a single dose of oxaliplatin at the MTD (15 mg kg^−1^) induced ∼90% and ∼20--30% myelosuppression estimated in the bone marrow from sternum on days 8 and 24 after administration, respectively. When the same dose of oxaliplatin (15 mg kg^−1^) was combined with MSC, the myelosuppression in bone marrow from sternum decreased to ∼40--60% on day 8 after oxaliplatin administration and, moreover, in ∼2 more weeks, on day 24 after oxaliplatin administration, the bone marrow from sternum was completely restored.

[Figure 4](#fig4){ref-type="fig"} (bottom) visualises the oxaliplatin-induced myelotoxicity and its prevention with MSC in representative microphotographs of the histological slides of bone marrow from rat sternum. [Figure 4](#fig4){ref-type="fig"} panel 1 shows the normal rat bone marrow that always contains ∼20--30% fat tissue. Panel 2 of [Figure 4](#fig4){ref-type="fig"} demonstrates that after MSC treatment the myelopoiesis was intact, and there was no sign on myelotoxicity. [Figure 4](#fig4){ref-type="fig"} panel 3 shows that after the single dose of oxaliplatin at the MTD (15 mg kg^−1^) on day 24 after the administration, the haematopoietic area decreased significantly and was replaced by a much larger extension of the fat tissue as compared with the control. [Figure 4](#fig4){ref-type="fig"} panel 4 visualises that the single dose of oxaliplatin at the MTD (15 mg kg^−1^) combined with MSC restored the normal haematopoiesis and prevented the oxaliplatin-induced myelotoxicity on day 24 after administration.

MSC potentiates the antitumour activity of CDDP and oxaliplatin in rats bearing advanced colorectal carcinoma and/or in nude mice bearing human FaDu and A253 head and neck xenografts
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

After we demonstrated significant protection by MSC of toxicities induced by CTX and CDDP in rats, studies were carried out to determine the selective effects of MSC in rats bearing advanced (∼2500--3000 mg) Ward colorectal carcinoma and in nude mice bearing human FaDu and A253 head and neck cancer xenografts.

The data in [Figure 5A](#fig5){ref-type="fig"} show the effects of MSC on the antitumour efficacy of CDDP, oxaliplatin, and irinotecan in rats bearing advanced Ward colorectal carcinoma. The data demonstrated that rats treated with MSC produced ∼30% tumour growth inhibition with no complete regression (CR), and pretreatment with MSC enhanced significantly the CR of rats bearing advanced tumours. For example, CDDP, at its MTD (6 mg kg^−1^) yielded 32% CR (cure) and this CR rate was increased to 75% when it was used in combination with MSC. The data in [Figure 5A](#fig5){ref-type="fig"} also demonstrated that the administration of MSC in combination with the lethal dose of CDDP (9 mg kg^−1^) resulted in 75% CR rate with no toxicity to normal tissues. These data support the previously documented hypothesis obtained in other tumour models ([@bib15]) that MSC protection of normal tissues allowed the administration of higher than the MTD doses of CDDP and oxaliplatin, resulting in higher response rate. Although the 50% CR rate achieved with oxaliplatin was not dose dependent ([Figure 5A](#fig5){ref-type="fig"}, solid bar), the combination with MSC resulted in 100% CR. This rat model, however, was not responsive to irinotecan alone and in combination with MSC. In contrast, MSC potentiated the antitumour activity of irinotecan in xenografts bearing human colorectal carcinomas, HT29 and HCT8. The CR rate was increased from ∼30% with the drug alone to 100% with the combination with MSC ([@bib15]).

The data in [Figure 5B](#fig5){ref-type="fig"} is the kinetics of the antitumour activity of CTX and CDDP alone and in combination with MSC against FaDu and A253 xenografts bearing in nude mice. The data indicate that although MSC had no significant antitumour activity against both tumours, CTX and CDDP produced significant tumour growth inhibition (*P*\<0.05). The antitumour activity of CTX and CDDP in combination with MSC was increased significantly (*P*\<0.05 compared with CTX and CDDP alone). Collectively, these data using two chemotherapeutic agents and two tumour models in two different host indicates that MSC can potentiate the antitumour efficacy and therapeutic selectivity resulting in improved therapeutic index.

The antitumour activity of selenium in combination with chemotherapy is selenium-type dependent
-----------------------------------------------------------------------------------------------

The inconsistent benefit from selenium prevention trials provided the basis to evaluate the antitumour activity of various selenium types administered orally at their prospective MTD, in combination with irinotecan in xenograft models. The observed 20% to 30% tumour growth inhibition by selenium-containing compounds appear to sensitise tumour cells to subsequent treatment with cytotoxic agents, and no CR was observed. The data in [Figure 6](#fig6){ref-type="fig"} demonstrate that in these model systems, the quality of treatment outcome is selenium-type dependent. This difference in efficacy could be related to a number of factors including metabolism, protein binding capacity, and pharmacokinetics and pharmacodynamics variation.

Discussion
==========

The effectiveness of chemotherapeutic agents is limited by toxicities, lack of therapeutic selectivity, and drug resistance. Novel approaches to develop new agents and/or combination regimens to reduce toxicity and increase selectivity are clearly needed. Selenium, an important trace element that is present in various degrees and types in the diet, has been the focus of multiple chemoprevention studies ([@bib21], [@bib22]; [@bib28]). The use of selenium as a modulator of chemotherapeutic agents to enhance the antitumour efficacy while simultaneously decreasing toxicities is a novel approach of recent origin ([@bib15]). Previous reports from this laboratory have clearly demonstrated that MSC can synergistically modulate the therapeutic selectivity and efficacy of chemotherapeutic agents with different mechanisms of action in variety of xenograft models when used before and during treatment ([@bib15]). Concurrent therapy without pretreatment with MSC had little effect on the treatment of anticancer drugs. The current study suggests that the protective effects of MSC from chemotherapeutic agent-induced damage on normal tissues provide the rationale for administering higher than the MTD doses of anticancer drugs for potentially overcoming *de novo* drug resistance.

To evaluate and document the protective effect of MSC on clinical dose-limiting toxicities, four drugs of CTX, CDDP, oxaliplatin, and irinotecan were utilised. Our data clearly demonstrated the broad spectrum of protection by MSC of organ-specific toxicity induced by different types of chemotherapy. Bladder tissues were examined at 4 and 24 h after CTX treatment for bladder toxicity evaluation based on earlier report of cystitis appearing as early as 2 h post CTX in rodents ([@bib3]). Results reported herein demonstrated that MSC is highly effective in protection from CTX-induced bladder toxicity ([Figure 1](#fig1){ref-type="fig"}).

Alopecia represents another major side effect of patients treated with CTX. Alopecia is caused by ablation of the rapidly dividing epithelium of the hair follicle. Currently, there is a lack of good animal model to study chemotherapy-induced alopecia. As it is difficult to demonstrate the direct protection effect of MSC on CTX-induced alopecia, we chose the method of hair regrowth after shaving to evaluate the effect of MSC. The data reported in [Figure 3](#fig3){ref-type="fig"} clearly demonstrate the ability of MSC to allow normal hair growth in rats after CTX treatment.

The CDDP has been extensively used in the clinic for treatment of a variety of malignancies. It commonly causes renal, gastrointestinal, neuro, and haematological toxicities, with nephrotoxicity as the dose-limiting toxicity. The data in [Figure 2](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"} demonstrate the ability of MSC in protecting from higher dose of CDDP-induced body weight loss, diarrhoea, stomatitis, and lethality. Se-methylselenocysteine also markedly protected the kidneys from CDDP-induced damage. Treatment with CDDP at the MTD dramatically increased BUN and creatinine levels, whereas MSC restored BUN and creatinine to the normal levels ([Table 1](#tbl1){ref-type="table"}). Histologically, the kidney damage induced by CDDP was not observed in rats treated with MSC in combination with CDDP ([Figure 2](#fig2){ref-type="fig"}). Thus, MSC protects the function and histological feature of the kidney from CDDP-induced damage. There have been several reports of the ability of selenium to protect against CDDP-induced nephrotoxicity ([@bib7]; [@bib33]; [@bib26]; [@bib5], [@bib4]; [@bib13]). However, sodium selenite only partially protected rats from CDDP-induced proximal tubular injury, and did not prevent deterioration of renal function ([@bib13]). This may be because sodium selenite, like other inorganic forms of selenium, was inferior to organoselenium compound such as the one used in our studies. Studies on the effect of more than 10 different forms of selenium carried out in our laboratory indicated that inorganic forms of selenium such as sodium selenite is less effective as a modulator of the antitumour activity of anticancer drugs against various human tumour xenografts ([Figure 6](#fig6){ref-type="fig"} and YM Rustum, unpublished data). Activation of organoselenium compounds by *β*-lyase-type enzymes may play a role ([@bib32]). Unless MSC is activated, it is relatively nontoxic *in vitro* for up to 200 *μ*[M]{.smallcaps}, a concentration ∼10-fold higher than those achieved *in vivo* with 0.75 mg per rat (YM Rustum, unpublished results).

Our previous study in nude mice bearing human tumour xenografts demonstrated that a minimum 7 days of pretreatment with MSC before chemotherapy was required for optimal enhancement of antitumour efficacy of irinotecan and protection from the drug-induced toxicity ([@bib15]). In our current study, pretreatment with MSC before CTX, CDDP, oxaliplatin, and irinotecan treatment was necessary for optimal protection against drug-induced toxicities and for augmentation of the antitumour activity of these anticancer drugs. Concurrent treatment with MSC and CTX or CDDP did not offer significant protection against drug-induced toxicities and did not result in significant increase in antitumour activity of the agents under investigation (data not shown). Thus, daily treatment for a minimum of 7 days in the animals was confirmed critical for optimal selective protective effects and increasing antitumour efficacy. As discussed below, the results generated in this laboratory demonstrated that inhibition of HIF, a marker for angiogenesis and drug resistance, resulted in selective enhancement of drug delivery to tumour cells ([@bib19], [@bib20]; [@bib8], [@bib9]), and these effects are selenium types, dose, and schedule dependent. Administration of chemotherapy at the time when optimal modulation effects by MSC was achieved is critical for therapeutic synergy with anticancer drugs evaluated in xenograft models.

The results reported herein extend and confirm the previous studies from this laboratory ([@bib15]) demonstrating that MSC can significantly potentiate the antitumour efficacy of CTX, CDDP, oxaliplatin, and irinotecan against human FaDu and A253 HNSCCs ([Figure 5B](#fig5){ref-type="fig"}). Furthermore, we also demonstrated that MSC is effective in enhancing the antitumour activity of CDDP and oxaliplatin against advanced Ward colorectal carcinoma (∼2500--3000 mg, [Figure 5A](#fig5){ref-type="fig"}). The results reported herein support the original hypothesis that MSC will provide significant protection of various normal tissues from multiple drugs inducing a variety of organ-specific toxicities and will simultaneously enhance the antitumour activity of anticancer drugs.

The use of methionine *α*-lyase (MET) has been evaluated and has demonstrated therapeutic potential in cancer therapy ([@bib30]). The data generated in our laboratory confirmed these previous findings that selenomethionine and Se-methyl selenocysteine as prodrugs were relatively inactive *in vitro* and the cytotoxicities were significantly increased against a variety of human tumour cell lines after activation by methionase *in vitro*. However, in *in vivo* models, endogenous concentration of *β*-lyase is sufficient for activation of these selenium molecules to its presumed active moiety, methyl selenol. It is possible, however, that treatment with MET genes could further enhance the antitumour activity of selenium prodrugs, especially in the host and/or tumour with limited level of MET.

Recent report by the SELECT trial demonstrated that oral SLM (200 *μ*g per day) did not prevent prostate cancer ([@bib29]). The lack of preventive effect of SLM on prostate cancer in this trial may be related to several factors and it should not deter further investigation of selenium. First, the dose of SLM used in this trial may be too low. We reported that the desired plasma concentration of selenium for optimal modulation of the therapeutic efficacy and selectivity of anticancer drugs in preclinical models is 20--30 *μ*[M]{.smallcaps} ([@bib23]; [@bib6]), and this can be achieved by oral administration of SLM, twice daily, for 7 days at 7200 *μ*g per patient without toxicity ([@bib24]).

Although the mechanisms of action of MSC protection of normal organs/tissues and augmentation of the antitumour activity of anticancer drugs were not the subject of the present investigation, recent data suggest that MSC acts as an antioxidant against tumour tissues by targeting hypoxia-induced factor 1*α* (HIF-1*α*) through its main regulator prolyl hydroxylases (PHDs, [@bib19], [@bib20]). Furthermore, selenium is known to activate the expression of P53 and synchronisation of cells in the G phase ([@bib11]). The mechanism of MSC protection of normal tissue from drug-induced toxicities has not yet been documented.

For a drug to be effective and selective in cancer therapy, it must reach the target with sufficient concentrations to inhibit targets and related pathways that are responsible for tumour growth and/or metastasis. Second, the patients are relatively healthy men in this trial ([@bib29]) with no detectable tumours under normoxic condition, whereas our studies used advanced, hypoxic tumours ([@bib19]). Selenium was more cytotoxic under hypoxic condition than under normoxic condition. Enhanced cytotoxicity was associated with inhibition of HIF-1*α* that is overexpressed in the majority of advanced solid tumours, including head and neck, colorectal, and renal cancers ([@bib20]). Third, our previous studies suggested that one of the possible mechanisms of selenium exhibiting its selective effects was associated with tumour angiogenesis and microenvironment ([@bib9]). Selenium, therefore, like other antiangiogenic agents such as bevacizumab (Avastin) and cetuximab (Erbitux) used in the clinic demonstrate therapeutic synergy in combination with chemotherapeutic agents. Fourthly, not all forms of selenium are equally effective. We found that MSC is superior to SLM, sodium selenite, selenised yeast, and many other forms of selenium as selective modulator of the antitumour activity of anticancer drugs against various human tumour xenografts ([Figure 6](#fig6){ref-type="fig"} and YM Rustum, unpublished data).

In brief, the results reported herein clearly demonstrated that MSC is a highly effective and selective modulator of the therapeutic efficacy and toxicity of various chemotherapeutic agents in animal models. This investigation is an extension of previous studies of selenium as a modulator of the efficacy and toxicity of anticancer drugs. Unlike other selenium-containing molecules, MSC requires one step activation by *β*-lyase with relatively less serum protein binding/interaction and the therapeutic concentrations can be achieved *in vivo* without toxicity. Se-methylselenocysteine is also much better than other antiangiogenic agents in clinical trial, is highly orally bioavailable, a potent inhibitor of HIF-1*α* and HIF-2*α* and their transcriptionally regulated VEGF and Glut-1, prevents the development of *in vivo* resistance to chemotherapy in preclinical models, and does not induce hypoxia (hypoxic cells are more sensitive to MSC than normoxic cells). Se-methylselenocysteine is relatively cheap and is orally bioavailable. It is important that the mechanisms of action of MSC alone and in combination with chemotherapy should be further investigated in order to develop the scientific rationale for clinical validation of hypothesis. There are critical end points in the design of future clinical trials to determine the optimal forms of selenium types and administration dose, schedule, and sequences in combination with chemotherapeutic agents that have direct cytotoxic effects against tumour.
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![**Protective effects of MSC on CTX-induced rat bladder toxicity.** Photomicrographs show rat bladder with untreated control, MSC alone, CTX alone, or CTX plus MSC. Cyclophosphamide was administered as a single i.v. injection at 150 mg kg^−1^ (toxic dose) and MSC at 0.75 mg per rat per day by p.o. daily for 14 days before CTX treatment. The bladders were removed at 4 and 24 h after CTX treatment. Conventional formalin-fixed paraffin-embedded sections were stained with haematoxylin and eosin. In order to see large parts of the bladder mucosa, (**A**, **B**, and **E**) are × 100; in order to see more histological details, (**C**, **D**, and **F**) are × 200. (**A**) Histologic picture of an untreated normal bladder with preserved histological features. (**B**) No change with MSC alone. Photomicrograph of rat bladder treated with CTX shows an acute mucosal oedema (arrow) at 2 h (C) that progressed to characteristic, severe haemorrhagic cystitis (*arrows*) at 24 h (**D**). Se-methylselenocysteine protected from CTX-induced acute mucosal oedema as seen on a long bladder segment with preserved normal histological structure (**E**). The haemorrhages in the mucosa and in the bladder wall were completely prevented by MSC (**F**). Oedema (arrow) is still present, but is considered a minor lesion as compared with haemorrhages seen with CTX alone without MSC. Each group had nine rats from two independent experiments.](bjc201485f1){#fig1}

![**Histological demonstration of the protective effects of MSC against rat kidney toxicity induced by CDDP treatment in Fischer rats.** Kidneys of rats were taken on day 6 from the treatment of MSC alone, CDDP alone, CDDP plus MSC, and untreated controls. The CDDP was administered as a single i.v. injection at 6 mg kg^−1^ (MTD) and MSC 0.75 mg per rat per day by p.o. daily for 20 days, with the first dose having started 14 days before CDDP treatment. Conventional formalin--paraffin sections were stained using haematoxylin and eosin ( × 100 magnification). Representative photomicrograph in (**A**) shows the histomorphology of normal kidney from an untreated rat; (**B**) shows no any histomorphological change by MSC alone; (**C**) shows that CDDP alone induced severe tubular damage with irregular, dilated proximal, and distal tubules (arrows) lined with flat epithelium; MSC significantly protected from CDDP-induced toxicity with almost normal kidney histology in the rat treated with MSC plus CDDP in (**D**). Each group had nine rats in total from two independent experiments (three rats for each group from the first experiment and six rats for each group from the second experiment). Pictures are shown of only one representative kidney for each group.](bjc201485f2){#fig2}

![**Se-methylselenocysteine (MSC) protects against CTX-induced alopecia in rats.** Assessment was carried out on day 0 (row 1), day 30 (row 2), and day 45 (row 3) after CTX treatment. Column 1 of the photograph shows uneventful growth of body hair in untreated control over 30-45 days. Column 2 shows tardy partial hair growth in rats treated with CTX alone. Column 3 shows normal hair growth in rats treated with the combination of MSC and CTX. Cyclophosphamide was administered as a single i.v. injection at 100 mg kg^−1^ (MTD) and MSC 0.75 mg per rat per day by p.o. daily for 21 days, with the first dose having started 14 days before CTX treatment. Each group had 12 rats in total, from 3 independent experiments (pictures shown for only two representative rats for each group).](bjc201485f3){#fig3}

![**Se-methylselenocysteine (MSC) protects against myelotoxicity in bone marrow induced by oxaliplatin, histopathological study in Fischer rats.** The rats were treated with oxaliplatin at the MTD (15 mg kg^−1^ i.v. × 1) with or without MSC at 0.75 mg per rat per day by p.o. daily for 21 days, with the first dose having started 14 days before oxaliplatin treatment. The sternums were removed on days 8 and 24 after oxaliplatin treatment and conventional formalin--paraffin sections of the bone marrow from sternum were decalcified and stained with haematoxylin and eosin. Representative photomicrographs of rat bone marrow are shown. All photographs were taken at × 200 magnification. (**1**) histomorphology of untreated normal bone marrow between bone trabeculae (B). The bone marrow (arrows) is infiltrated with fat (F) tissue as part of the normal histology. (**2**) MSC alone did not cause any change in the histological structure of the bone marrow. (**3**) Oxaliplatin (15 mg kg^−1^ i.v., × 1) alone induced severe myelosuppresion (∼90%) on day 8 (not shown), and improved on day 24 with ∼40--60% myelosuppression is shown in the panel. (**4**) On day 24, MSC completely restored the histological structure and cellular composition of the bone marrow (arrows) induced by oxaliplatin.](bjc201485f4){#fig4}

![**Antitumour activity of CDDP, oxaliplatin, and irinotecan alone and in combination with MSC in rats bearing advanced Ward colorectal carcinoma (**A**) and CTX and CDDP alone and in combination with MSC in nude mice bearing advanced human A253 and FaDu squamous cell carcinoma xenografts (**B**).** (**A**) CDDP and oxaliplatin (OXAL) were administered by a single i.v. injection and irinotecan by weekly for 4 weeks. Se-methylselenocysteine at 0.75 mg per rat per day p.o. daily for 21 days, with the first dose having started 14 days before CDDP or oxaliplatin treatment. For irinotecan group (16 rats) , MSC was administered daily for 14 days before and during irinotecan treatment for a total of 35 days. All treatments were initiated 14 days after tumour transplantation when the tumours reached ∼2500--3000 mg. In the oxaliplatin-alone (10 mg kg^−1^) group, 12 rats were evaluated, and in all other treatment groups, 4 rats were used. (**B**) ○ Untreated control; ● MSC 0.2 mg per mouse per day × 14; ▴ CTX 100 mg kg^−1^ or CDDP 8 mg kg^−1^, i.v. × 1; ▪ CTX 100 mg kg^−1^ or CDDP 8 mg kg^−1^ (i.v. × 1) + MSC (0.2 mg per mouse per day × 14). The treatment of CTX and CDDP was initiated on day 0 (7 days after tumour transplantation when the tumours reached ∼200--220 mg) and MSC by p.o. 7 days before and 7 days after CTX or CDDP in a total of 14 days. The mice were humanely killed when tumours reached ∼2000 mg. The numbers in parenthesis indicate the number of rats that achieved CR over the total number of rats treated.](bjc201485f5){#fig5}

![**Antitumour activity of different types of selenium in combination with irinotecan in nude mice bearing advanced FaDu and A253 human head and neck tumour xenografts.** All types of selenium (MSC, SLM, MSA, and SS) were administered orally at their respective maximum tolerated dose (MTD) daily for 7 days before and concurrent with the weekly administration of irinotecan for a total of 28 days. Five mice were used for each experimental group.](bjc201485f6){#fig6}

###### MSC protects against toxicities induced by CTX, CDDP, oxaliplatin, and irinotecan in Fischer rats

                                  **Toxicity (% of total)**                       
  ------------------------------- --------------------------- --------- --------- ---------
  Control                         2.1±0.6                     0         0         0
  MSC (0.75)                      5.8±1.2                     0         0         0
  CTX (100)                       9.9±1.6                     0         0         0
  CTX (100) + MSC (0.75)          6.6±3.0\*                   0         0         0
  CTX (150)                       18.5±3.0                    50        38        62
  CTX (150) + MSC (0.75)          16.6±1.2\*                  0\*\*\*   0\*\*\*   25\*\*
  CDDP (6)                        13.5±2.4                    50        0         0
  CDDP (6) + MSC (0.75)           10.6±2.1\*                  0\*\*\*   0         0
  CDDP (9)                        21.9±2.8                    100       75        100
  CDDP (9) + MSC (0.75)           13.5±2.4\*\*                0\*\*\*   0\*\*\*   0\*\*\*
  Oxal (20)                       20.8±5.3                    0         0         100
  Oxal (20) + MSC (0.75)          9.4±2.6                     0         0         0
  Irinotecan (200)                22.5±3.2                    30        0         100
  Irinotecan (200) + MSC (0.75)   10.5±1.5                    0         0         0

Abbreviations: CDDP=*cis*-diamminedichloroplatinum; CTX=cyclophosphamide; MSC=Se-methylselenocysteine; MWL=mean weight loss; Oxal=oxaliplatin.

\**P*\< 0.05, \*\**P*\< 0.01 and \*\*\**P*\< 0.001 when compared with the drug-alone-treated group.

CTX and CDDP were administered as a single intravenous (i.v.) injection and MSC by oral route (p.o.) daily for 21 days, with the first dose having started 14 days before CTX, CDDP, Oxal, or irinotecan treatment. Irinotecan was administered i.v. weekly × 4. Each group had 12--24 rats in total, from 3 to 6 independent experiments.

Mean weight loss± s.d.
